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a b s t r a c t
Eating rate has recently been shown to inﬂuence energy intake and appetite during an ad libitum meal, and alter
postprandial secretion of glucagon-like peptide-1 (GLP-1) and peptide-YY (PYY) following a ﬁxed-portion meal.
Whether these effects inﬂuence satiety, as measured by energy intake at the subsequent meal, is unclear. We
manipulated eating rate during a ﬁxed-portion meal in order to examine how eating behavior and associated
periprandial and postprandial responses of putative endocrine mediators of appetite would affect energy intake
at the following meal in ﬁfteen non-obese (BMIb 25 kg/m²) and ten obese (BMI≥ 30 kg/m²) healthy adult men
and women. In random order, each participant consumed a standardized, ﬁxed-portion meal in 7 (FM), 14 (MM)
or 28 (SM) minutes. Fullness, measured by the Satiety Labeled Intensity Magnitude (SLIM) scale, serum insulin,
glucose, leptin, pancreatic polypeptide (PP), PYY, GLP-1, neuropeptide-Y, and plasma cholecystokinin (CCK) were
measured for 3 h following the ﬁxed-portion meal. Ad libitum energy intake at the next meal was then measured.
Eating slowly delayed time to peak fullness (P ≤ 0.05), but did not alter peak fullness. Peak PP concentrations were
attenuated during FM compared to MM and SM (P ≤ 0.05) and were reached earlier during MM compared to SM
(P ≤ 0.05). A meal-by-time interaction (P ≤ 0.05), but no differences in AUC, peak, or time to peak were observed
for CCK. No additional between meal differences in AUC, peak or time to peak for any endocrine mediator of
appetite was observed. Ad libitum energy intake was not different between trials. In conclusion, the rate at which a
ﬁxed-portion meal is consumed does not appear to alter satiety despite a small effect on PP and CCK responses.
Published by Elsevier Inc.

1. Introduction
The prevalence of overweight and obesity is increasing worldwide
[1]. Weight gain ultimately results from an imbalance between energy
intake and expenditure. Though hedonic and environmental factors
contribute, physiologic mechanisms exist to mediate energy balance,
and behavioral strategies that manipulate those mechanisms may
prove efﬁcacious for healthy weight management.
Homeostatic regulation of energy balance is complex, involving an
integrated network of neural and hormonal signals. Hormones
including leptin and insulin are secreted in proportion to body energy
stores, reﬂecting long-term energy balance [2]. These long-acting
signals modify sensitivity to enteroendocrine peptides secreted during
ingestion and the post-ingestive period that mediate short-term energy
☆ The opinions or assertions contained herein are the private views of the authors
and are not to be construed as ofﬁcial or as reﬂecting the views of the Army or the
Department of Defense. Any citations of commercial organizations and trade names in
this report do not constitute an ofﬁcial Department of the Army endorsement of
approval of the products or services of these organizations. Study funded by the US
Army Medical Research and Materiel Command. Portions of this manuscript were
presented at the 2009 Obesity Society Annual Meeting 24–28 October and the 2010
American College of Sports Medicine Annual Meeting 2–5 June.
⁎ Corresponding author. Tel.: +1 508 233 5140; fax: +1 508 233 5833.
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intake, such as cholecystokinin (CCK), pancreatic polypeptide (PP),
peptide-tyrosine tyrosine (PYY), and glucagon-like peptide-1 (GLP-1)
[3]. Through both endocrine and neural mechanisms, these peptides
stimulate appetite centers located in the hindbrain, modulating
expression of neuropeptides such as neuropeptide-Y (NPY) [4].
Ultimately the anorexigenic and orexigenic effects resulting from the
integration of these signals are thought to inﬂuence energy balance by
mediating sensations of hunger and fullness [2,3].
In addition to factors such as macronutrient composition [5] and
viscosity [6], how one eats may affect postprandial responses of the
enteroendocrine hormones that mediate appetite. Eating fast has been
associated with excess energy intake and overweight [7–12], while
eating slowly is hypothesized to discourage excess energy intake by
allowing time for peripheral satiation signals to be consciously
recognized before overeating occurs. Recent experimental trials support
a relationship between eating rate and energy intake during a single ad
libitum meal [13–15], providing empirical evidence that eating behavior
can mediate satiation (i.e., the processes during a meal acting to
terminate eating) [16] thereby altering energy intake.
The ubiquity of portion-controlled meals and snacks, and the
tendency for portion size to inﬂuence consumption [17] suggest a
need to examine not only eating behaviors that may inﬂuence
satiation, but to also identify eating behaviors that inﬂuence satiety
(i.e., feelings of fullness throughout the intermeal interval) [16] after a
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ﬁxed-portion is consumed. Rather than, or in addition to, altering
energy intake during a meal, eating behaviors that inﬂuence satiety
would be expected to promote weight management by altering
energy intake at a subsequent meal or affecting the length of the
intermeal interval. Eating a ﬁxed-portion slowly relative to eating the
same portion quickly was recently shown to increase PYY and GLP-1
responses during the early to mid postprandial period, providing the
ﬁrst evidence of a physiologic mechanism by which eating rate may
inﬂuence energy intake [18]. Unfortunately, neither energy intake at a
subsequent meal nor the time elapsed until initiation of the next meal
was measured; therefore, whether the documented effects inﬂuence
satiety remains unclear.
To further explore the effects of eating rate and associated
postprandial appetite and peripheral enteroendocrine responses on
energy intake during the subsequent meal, we measured fullness and
putative endocrine mediators of appetite following consumption of a
standardized, ﬁxed-portion meal consumed at three different eating
rates. Ad libitum energy intake at the next meal provided an objective
assessment of satiety [16]. To determine if weight status inﬂuences
the effects of eating rate on postprandial hormone responses and
satiety, both non-obese and obese volunteers were recruited. We
hypothesized that altering eating rate would affect postprandial
fullness ratings concomitant to altered concentrations of enteroendocrine hormones in both non-obese and obese adults, and that these
changes would result in differences in energy intake at the subsequent
meal.
2. Materials and methods
2.1. Volunteers
Non-obese (body mass index [BMI] b 25 kg/m²) and obese
(BMI ≥ 30 kg/m²) men and women, 18–55 years of age, were
recruited from the U.S. Army Soldier Systems Center, Natick, MA,
USA and surrounding area. Exclusion criteria included previous
diagnosis with any disease affecting metabolism, chronic use of
medications affecting metabolism and/or appetite, ≥2.2 kg weight
change during the 3 months preceding participation, pregnancy,
allergies to or stated dislike of the test foods, and clinically diagnosed
eating disorder or a score of ≥20 on the Eating Attitudes Test [19]. The
study was approved by the Human Use Review Committee at the U.S.
Army Research Institute of Environmental Medicine. Human volunteers participated in this study after providing their free and informed
voluntary consent. Investigators adhered to US Army Regulation 7025 and US Army Medical Research and Materiel Command regulation
70-25 on the use of volunteers in research.
2.2. Study design
Anthropometric characteristics and normal eating rate were
measured during the screening period. BMI was calculated from

Time (min)

0

15
30
FM
MM
SM

45

60

90

525

measured height and weight. Fat free mass was measured by dual
energy X-ray absorptiometry (Lunar iDXA, GE Healthcare, Madison,
WI, USA) and used to estimate resting energy expenditure (REE) [20].
Normal eating rate was measured by instructing volunteers to
consume a standardized, ﬁxed-portion meal (described below) on a
portable eating monitor (described below) at their usual pace.
The experimental period consisted of three separate visits occurring on non-consecutive days over at least two weeks. No more
than two weekly visits were conducted. Volunteers began each of
their three visits at the same time, between 0700 and 0830, and
following a 12 h fast. Volunteers were instructed to adhere to their
normal diet and physical activity patterns on the day preceding each
study visit, and to abstain from strenuous physical exertion, caffeine
and smoking during the 12 h fast. Twenty-four hour diet and activity
recalls were completed during each visit to ensure compliance with
these instructions.
During each of the three experimental visits volunteers were
provided two meals; ﬁrst consuming a standardized, ﬁxed-portion
meal followed 3 h later by an ad libitum meal. Meal duration of the
ﬁxed-portion meals was set at either 7 (FM), 14 (MM) or 28 (SM)
minutes. Each volunteer received all three meals. Within each weight
status cohort, volunteers were randomly assigned to a meal order
schedule that was designed so that each meal would be served ﬁve
times during experimental days 1, 2 and 3 for every 15 volunteers
enrolled (e.g., SM was served as the 1st test meal 5 times, the 2nd test
meal 5 times and the 3rd test meal 5 times). Fig. 1 depicts the study
testing schedule during each experimental visit. No more than 15 min
prior to beginning the ﬁxed-portion meal, an indwelling venous
catheter was placed and a fasting blood sample collected. Blood was
then sampled at 15, 30, 45, 60, 90, 120 and 180 min after the ﬁrst bite.
Fullness was rated at each blood sample. During the postprandial
period volunteers read quietly or watched TV, only ambulating to use
the restroom. The catheter was removed at 180 min and volunteers
were presented with the ad libitum meal. Volunteers were then
instructed to eat until “comfortably full” and to take as much time as
necessary. More food than could be consumed was provided as there
was always food left on the plate at meal completion. Once ﬁnished,
fullness was measured. Following each meal volunteers were asked to
rate meal “appearance,” “odor,” “ﬂavor,” “texture,” and “overall
acceptability” on a 9-point Likert scale.
2.3. Meals
The standardized, ﬁxed-portion meal was Hormel® corned beef
hash (31% energy from carbohydrate, 40% energy from fat, 29% energy
from protein). The mixed macronutrient content of this meal was
expected to elicit measureable postprandial responses from each
measured variable. Volunteers consumed a portion equivalent in
energy content to 40% of their respective REE. The ad libitum meal was
Stouffer's® Lasagna (41% energy from carbohydrate, 36% energy from
fat, 23% energy from protein).

120

180

Blood sampling and SLIM
Begin fixed-portion
meal
Volunteer arrives following 12hr fast; sampling line placement,
fasting blood draw and SLIM.

Begin ad libitum meal
Sampling line removal

Fig. 1. Experimental design. On three separate occasions a standardized, ﬁxed-portion meal was consumed in 7 (FM), 14 (MM) or 28 (SM) minutes. Fullness measured using the
Satiety Labeled Intensity Magnitude (SLIM) scale.
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To prevent confounding from discretionary ﬂuid intake, volunteers
were provided with 240 g water during both the ﬁxed-portion and ad
libitum meals. Volunteers were instructed to ﬁnish the water before
meal completion and no additional water was permitted. During the
postprandial period volunteers were provided with 360 g of water.
The ﬂuid was intended to ensure obtainment of adequate blood
sample volumes and for volunteer comfort. Volunteers were instructed to consume all of the water prior to the ad libitum meal; no
additional water was permitted.
2.4. Eating monitor
Eating rate was manipulated using a portable, calibrated scale
interfaced with a small computer and monitor (Mandometer, AB Mando,
Huddinge, Sweden). A pre-programmed eating curve, presented as a
straight line intersecting the vertical axis (mass) at total mass of the
standardized meal (portion equivalent to 40% of volunteer's estimated
REE) and the horizontal axis (time) at the programmed meal duration (7,
14 or 28 min) was displayed on the monitor. As the volunteer ate, the
amount of food removed from the plate over time was plotted in realtime. By matching the real-time eating curve to the pre-programmed
eating curve, volunteers complied with the prescribed eating rate, eating
at a consistent rate throughout the meal.

2.5. Satiety Labeled Intensity Magnitude scale
Hunger and fullness was measured using the Satiety Labeled
Intensity Magnitude (SLIM) scale. The SLIM has been shown to be a
sensitive, reliable, and easy-to-use scale for measuring perceived
hunger and fullness [21]. Brieﬂy, the scale is a vertical, 100 mm, bidirectional hunger/fullness scale anchored by the terms “greatest
imaginable fullness” and “greatest imaginable hunger.” The volunteer
is directed to mark the scale anywhere along the axis corresponding
to their level of hunger or fullness “right now.” A rating anywhere
above the midpoint of the scale indicates that some degree of fullness
is perceived. Throughout the manuscript, the term fullness is used to
describe SLIM ratings at or above the midpoint of the scale.
2.6. Biological sample collection and analysis
Blood samples were collected into tubes containing either EDTA for
plasma separation or clotting activator for serum separation via an
indwelling venous catheter placed in the antecubital space. Immediately
after collection, 25 μL aprotinin/mL whole blood was added to serum
and plasma samples. In the obese cohort 10 μL dipeptidyl peptidase-IV
(DPP-IV) inhibitor/mL whole blood was also added to serum samples for
GLP-1 measurement. DPP-IV inhibitor was not added to serum samples
in the non-obese cohort; therefore, only GLP-1 values from the obese
cohort are presented. Samples were processed, frozen immediately,
shipped to Pennington Biomedical Research Center, Baton Rouge, LA,
USA and placed in storage. Following completion of data collection for
each cohort (non-obese and obese), samples were analyzed for GLP-1,
CCK, glucose, insulin, PYY, PP, leptin, and NPY. Plasma CCK was
measured by radioimmunoassay (Alpco Diagnostics, Windham, NH,
USA). The sensitivity of the assay was 0.78 pmol/L and the inter-assay
CVb 14.4%. Serum glucose was measured using the Beckman Coulter
DXC 600 Pro (Fullerton, CA, USA). Serum insulin, total PYY (PYY3–36 and
PYY1–36), PP, active GLP-1 (GLP-17–36amide and GLP-17–37), and leptin
were measured using a multiplex assay (Milliplex MAP; Millipore,
Billerica, MA, USA) with an inter-assay CV of b19%. Sensitivity of the
assay was 137 pg/mL for insulin, 13.7 pg/mL for PYY, PP and GLP-1, and
0.14 ng/mL for leptin. Serum NPY was measured by radioimmunoassay
(Alpco Diagnostics, Windham, NH, USA). The sensitivity of the assay was
9.4 pmol/L and the inter-assay CVb 16.7%.

2.7. Statistical analysis
Statistical analysis was performed using commercially available
statistical software (SPSS 17.0; SPSS Inc., Chicago, IL, USA). Descriptive
statistics are presented as mean ± SD or median (range) as appropriate. The time course of the SLIM, glucose, insulin, GLP-1, PP, PYY, CCK,
leptin and NPY responses were plotted for each individual, and peak
and time to peak (TP) values determined. The trapezoidal method was
used to calculate the area under the curve (AUC) with respect to
increase for SLIM ratings and endocrine mediators of appetite [22].
Normality was determined using the Shapiro–Wilk test. Repeated
measures ANOVA with post-hoc Bonferroni corrections was used to
determine between meal differences in peak, AUC and ad libitum
intake. To further explore differences in ad libitum intake, paired
samples t-tests were used to compare differences in intake between
SM and FM. Friedman's ANOVA was used to determine between meal
differences in TP. Wilcoxon signed-ranks tests were used to verify
signiﬁcant differences following a signiﬁcant result from Friedman's
ANOVA. Signiﬁcance was set at P ≤ 0.05.
The two study groups (obese and non-obese adults) were included
in the experimental design to assess if weight status could be a
possible confounding factor. After observing that the general patterns
of the fullness and enteroendocrine responses to manipulation of
eating rate were similar within each cohort, and that eating rate
manipulation had no effect on energy intake at the subsequent meal
in either cohort, the two groups were combined and analyzed
together. The data presented are the outcomes of the combined
analysis.
3. Results
Twenty-ﬁve, 15 non-obese (8 male and 7 female) and 10 obese
(8 male and 2 female), healthy adults participated. Volunteer
characteristics are presented in Table 1. Fasting concentrations of
blood markers did not differ by meal within individuals; therefore,
fasting concentrations measured at each of the three experimental
trials were averaged (Table 1).
3.1. Satiety Labeled Intensity Magnitude scale
Mean SLIM ratings increased during each meal, peaking (point of
greatest fullness reached) at 15 min during FM and MM, and at 30 min
during SM. Ratings declined thereafter at similar rates independent of
Table 1
Volunteer characteristics.a
Age (year)b
Weight (kg)b
Height (cm)
BMI (kg/m²)b
Body fat (%)b
REE (kJ/day)b
Normal eating rate (g/min)b
Fasting valuesc
Glucose (mg/dL)b
Insulin (pg/mL)b
PP (pg/mL)b
GLP-1 (pg/mL)d
Peptide-YY (pg/mL)e
Cholecystokinin (pmol/L)e
Leptin (ng/mL)e
Neuropeptide Y (pmol/L)e

30 ± 12
82.4 ± 21.1
173 ± 8
27.3 ± 6.7
28.8 ± 7.8
6774 ± 1138
59 ± 35
89.1 ± 6.8
419.1 ± 370.7
79.2 ± 62.4
35.0 ± 14.7
96.7 ± 44.4
0.83 ± 0.10
8.0 ± 6.9
73.2 ± 21.9

REE, resting energy expenditure; PP, pancreatic polypeptide; GLP-1, glucagon-like
peptide-1.
a
Mean ± SD.
b
n = 25.
c
Average of three separate trials.
d
n = 8.
e
n = 23.
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meal duration (main effect of time, P ≤ 0.05; Fig. 2A). Eating slowly
delayed TP fullness compared to MM and FM (P ≤ 0.05); however, no
effects of eating rate on peak fullness or AUC were observed (Table 2).
At 15 min, mean fullness was rated lower during SM compared to MM
and FM (meal-by-time interaction, P ≤ 0.05). During SM, the mean
SLIM rating at 15 min was equivalent to half of the mean difference
between the baseline and peak ratings, concordant with the
percentage of the total meal consumed (Fig. 2A).
3.2. Glucose
The postprandial glucose response was not affected by eating rate.
Mean glucose concentrations increased 15% above fasting levels by
30 min. Concentrations then fell to a nadir approximately 60 min after
peak, gradually increasing thereafter (main effect of time, P ≤ 0.05;
Fig. 2B). No effects of eating rate on peak, TP or AUC were observed
(Table 2).
3.3. Insulin
The postprandial insulin response was not affected by eating rate.
Mean insulin concentrations increased 369% above fasting levels by

30 min, then declined to fasting levels by 180 min (main effect of
time, P ≤ 0.05; Fig. 2C). No effects of eating rate on peak, TP or AUC
were observed (Table 2).

3.4. Pancreatic polypeptide
Eating rate altered the postprandial PP response (meal-by-time
interaction, P ≤ 0.05). During all meals, mean PP concentrations
increased during meal consumption and remained elevated throughout the postprandial period (main effect of time, P ≤ 0.05; Fig. 2D).
Eating quickly attenuated peak PP concentrations (P ≤ 0.05), and
eating slowly delayed PP time to peak compared to MM (P ≤ 0.05);
however, PP AUC was not different between meals (Table 2).

3.5. Glucagon like peptide-1
GLP-1 measurements were only available for eight obese volunteers. The postprandial GLP-1 response was modest (main effect of
time, P = 0.09; Fig. 2E). No effects of eating rate on peak, TP or AUC
were observed (Table 2).
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Fig. 2. Time course of the A) fullness (n = 25), B) glucose (n = 25), C) insulin (n = 25), D) pancreatic polypeptide (PP; n = 25), E) glucagon-like peptide-1 (GLP-1; n = 8), F) peptideYY (PYY; n = 23), G) cholecystokinin (CCK; n = 23), and H) leptin (n = 23) responses following consumption of a standardized, ﬁxed-portion meal consumed at a constant rate over
7 (FM), 14 (MM), or 28 (SM) minutes. Fullness measured by Satiety Labeled Intensity Magnitude (SLIM) scale. Data points are mean ± SEM. Two-way repeated measures ANOVA
with Bonferroni corrections used to identify differences between meals. Different superscript letters at a timepoint indicate signiﬁcant differences between meals (P ≤ 0.05). Bar
graphs depict area under the curve (AUC; mean ± SD) of the postprandial response with respect to increase.
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Fig. 2 (continued).

3.6. Peptide tyrosine–tyrosine

3.9. Neuropeptide-Y

The postprandial PYY response was not affected by eating rate.
Mean concentrations remained stable during the initial 60 min testing
period then rose 216% above fasting levels by 90 min (main effect of
time, P ≤ 0.05; Fig. 2F). No effects of eating rate on peak, TP or AUC
were observed (Table 2).

Mean NPY concentrations were stable during all meals and
throughout the postprandial period (P = 0.42). No effects of eating
rate on NPY AUC were observed (data not shown).

3.7. Cholecystokinin

Rate of consumption of the ﬁxed-portion meal had no effect on ad
libitum energy intake at the following meal. During the ad libitum
meal, volunteers consumed 3440 ± 1609 kJ (823 ± 385 kcal, 49 ± 19%
of REE), 3691 ± 1676 kJ (883 ± 401 kcal, 52 ± 19% of REE), and 3741 ±
1802 kJ (895 ± 431 kcal, 53 ± 20% of REE) following SM, MM, and FM,
respectively (P = 0.37). To further explore differences in energy
intake, ad libitum intake during SM was compared directly to FM. No
difference in intake was observed (−302 kJ; 95% CI − 740 kJ–135 kJ).
Fullness following lunch was not different between meals (data not
shown). Meal acceptability was not different between meals and was
not affected by treatment order in either cohort (data not shown).

Mean CCK concentrations rose during each meal and remained
elevated throughout the postprandial period (main effect of time,
P ≤ 0.05). Eating rate altered the postprandial CCK response (meal-bytime interaction, P ≤ 0.05; Fig. 2G). Mean CCK concentrations were
lower at 15 min during SM compared to FM and MM, higher at 45 min
during MM compared to FM, and higher at 120 min during MM
compared to FM (P ≤ 0.05; Fig. 2G). However, no effects of eating rate
on peak, TP or AUC were observed (Table 2).

3.10. Ad libitum energy intake

3.8. Leptin
4. Discussion
The postprandial leptin response was not affected by eating rate.
Mean leptin concentrations appeared to decrease slightly during the
postprandial period; however, the main effect of time was not
statistically signiﬁcant (P = 0.10; Fig. 2H). No effects of eating rate on
leptin AUC were observed.

This study was designed to explore appetite-signaling mechanisms
and satiety. Based on studies indicating that eating slowly may affect
energy intake and appetite during an ad libitum meal [13,14], and
postprandial endocrine secretion following a ﬁxed-portion meal [18],
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Table 2
Postprandial peak and time to peak of fullness and endocrine mediators of appetite
following consumption of a standardized, ﬁxed-portion meal at three different eating
rates.a

b,c

Energy intake (kJ/min)
Fullness (SLIM rating)c
Peak
Time to peak (min)
Glucosec
Peak (mg/dL)
Time to peak (min)
Insulinc
Peak (pg/mL)
Time to peak (min)
Pancreatic polypeptidec
Peak (pg/mL)
Time to peak (min)
Glucagon like peptide-1d
Peak (pg/mL)
Time to peak (min)
Peptide-YYe
Peak (pg/mL)
Time to peak (min)
Cholecystokinine
Peak (pmol/L)
Time to peak (min)

FM

MM

SM

388 ± 65

194 ± 33

97 ± 16

52 ± 29
15 (15–90)

56 ± 26
15 (15–60)

46 ± 27
30 (30–120)x,†

103.5 ± 13.5
30 (15–60)

105.3 ± 10.6
30 (15–60)

107.8 ± 15.2
30 (15–60)

2307 ± 1919
45 (15–120)

2358 ± 2253
45 (15–120)

2432 ± 1986
45 (30–90)

252.1 ± 204
30 (15–120)

311.9 ± 211.2†
15 (15–45)

298.0 ± 194.7†
30 (15–60)x

59.1 ± 10.3
45 (15–60)

60.8 ± 22.9
38 (15–90)

57.8 ± 28.9
60 (15–90)

126.5 ± 40.8
90 (15–180)

131.9 ± 41.0
90 (15–180)

131.1 ± 38.1
90 (15–180)

7.0 ± 5.3
45 (15–180)

7.1 ± 4.0
90 (15–120)

6.9 ± 4.8
45 (15–120)

a
Mean ± SD or median (range). Standardized meal consumed in 7 (FM), 14 (MM) or
28 (SM) minutes. Fullness measured using the Satiety Labeled Intensity Magnitude
(SLIM) scale. Repeated measures ANOVA or Friedman's ANOVA used to identify
differences between meals.
b
Rate of energy intake during ﬁxed-portion meals.
c
n = 25.
d
Obese only, n = 8.
e
n = 23.
x
Difference from MM, P ≤ 0.05.
†
Difference from FM, P ≤ 0.05.

we manipulated eating rate during a ﬁxed-portion meal to examine how
eating behavior and associated postprandial appetite, and periprandial
and postprandial responses of putative endocrine mediators of appetite
would affect energy intake at the following meal. A ﬁxed-portion meal,
as opposed to a meal consumed ad libitum, was consumed during each of
three experimental trials to prevent confounding of postprandial
appetite ratings and endocrine responses by differences in self-selected
energy intake. The selection of a mixed-macronutrient content meal
was intended to elicit responses from each measured hormone. To
determine if any observed effects of eating rate and associated
postprandial appetite ratings and enteroendocrine hormone responses
would translate in measurable behavioral changes, ad libitum energy
intake at the next meal was measured. Varying the rate at which the
ﬁxed-portion meal was consumed did not alter the magnitude of
postprandial changes in fullness or ad libitum intake at the next meal.
CCK and PP responses were altered by eating rate during meal
consumption and the immediate postprandial period, but not thereafter,
and effects of eating rate on additional endocrine mediators of appetite
were not observed. Thus, the ﬁndings of this study suggest that eating
rate does not inﬂuence satiety when a ﬁxed-portion is consumed
despite a weak effect on the periprandial endocrine response.
Eating rate did not appear to mediate fullness or affect satiety.
SLIM ratings at 15 min were lower during SM compared to MM and
FM, equivalent to approximately half of the mean difference between
baseline and peak SLIM values recorded during SM; however, this
difference can be attributed to the fact that at 15 min, only half of the
ﬁxed-portion meal had been consumed during SM compared to the
entire meal during MM and FM. Concordantly, fullness during SM
peaked at 30 min, once the entire meal had been consumed. Though
fullness peaked at 15 min during both MM and FM, fullness AUC and
peak fullness was not different between the three meals. This
observation is interesting as a portion of the meal may have passed
through the stomach by 30 min during SM. Due to effects of gastric
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distention on satiation, it would then be expected that peak SLIM
responses would be blunted during SM compared to MM and FM. As
this was not observed, these observations suggest factors other than
stomach volume contributed to fullness during the ﬁxed-portion
meals. However, the inﬂuence of these factors did not appear to
persist throughout the postprandial period as no differences in the
AUC of the SLIM ratings were observed between meals in either
cohort, nor was an effect of eating rate on ad libitum energy intake at
the following meal documented. Taken together, these observations
suggest that manipulating the rate at which a ﬁxed-portion meal is
consumed does not inﬂuence satiety as measured by energy intake at
the subsequent meal.
In lieu of this result, it is important to note differences between this
study and recent studies documenting reduced energy intakes during
meals eaten slowly compared to quickly [13–15]. The latter studies
examined the effects of eating rate on satiation; ad libitum intake was
measured during manipulated eating rate meals by allowing
volunteers to terminate test meals at their discretion. In contrast, by
controlling total energy and volume consumed and then measuring
intake at the subsequent meal, this study assessed the effects of eating
rate on satiety. Future research examining the endocrine response
during meals consumed at different rates but in which total energy
intake is not controlled could be a useful approach to investigate
potential endocrine mechanisms underlying the effects of eating rate
on the development of satiation and ad libitum energy intake during
meals.
Studies have documented reduced energy intakes following
peripheral administration of CCK [23], PYY [24], and PP [25]. Gut
peptides inﬂuence energy intake through effects on digestive
processes, and through neural and endocrine actions [2,26]. For
example, CCK is a peptide released primarily from the proximal small
intestine and promotes digestion of fats and proteins. Suggested
mechanisms accounting for the appetite-suppressing effects of CCK
include delayed gastric emptying, stimulation of vagal afferent ﬁbers,
and direct activation of appetite centers in the hindbrain and
hypothalamus [2–4,26]. Similarly, the PP-fold family of peptides,
which includes the peptides PP and PYY and the orexigenic
neuropeptide NPY, has direct neural effects on central appetite
centers as evidenced by high afﬁnity binding of each peptide to the
Y family of receptors within the hypothalamus [2]. Both PP and PYY
may also affect appetite through stimulation of vagal afferent ﬁbers
and decreased gastrointestinal motility [4]. Thus, investigating factors
that may mediate the release of these peptides could provide insight
into relationships between behavior, physiology and appetite.
In this study, eating quickly appeared to attenuate the postprandial PP peak compared to eating at moderate and slow rates. Further,
eating slowly delayed PP time to peak compared to eating at a
moderate rate. However, despite the periprandial effects of eating rate
on PP concentrations, mean concentrations were stable and not
different between meals from 45 to 180 min indicating that eating
rate had no persisting effect on the PP response. Eating rate also
altered the periprandial CCK response; however, no between meal
differences in CCK AUC, peak or TP were observed. Thus, the effects of
eating rate on the PP and CCK responses were limited to the
periprandial period and did not inﬂuence postprandial fullness or
energy intake at the subsequent meal. The observed periprandial
effects; however, may be consistent with the putative role of CCK and
PP as satiation hormones.
In contrast to our ﬁndings, the results of one recent study suggested
that fast eating rates inﬂuence postprandial PYY and GLP-1 responses to
a mixed meal. Kokkinos et al. [18] measured hunger, fullness, and
concentrations of PYY, GLP-1 and ghrelin, an orexigenic gut hormone, in
volunteers consuming a ﬁxed-portion 675 kcal meal over 5 or 30 min.
The authors reported that eating quickly had no effect on subjective
appetite ratings or the postprandial ghrelin response, but attenuated the
postprandial PYY and GLP-1 responses. The inﬂuence of the depressed
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PYY and GLP-1 responses on prospective energy intake however was
not measured. Differences in the methods used to control eating rate
might explain the incongruous results between that study and ours. In
contrast to the consistent eating rate maintained throughout each meal
in our study, Kokkinos et al. controlled eating rate by providing equal
portions of a test meal every 5 min (i.e., 2 portions of 337.5 kcal or 7
portions of ~96.5 kcal) and requiring volunteers to consume each
portion in less than 1 min. As cephalic stimuli stimulate gastrointestinal
responses that initiate digestive processes, repeated periods of ingestion
followed by restriction from eating may create a physiological response
more similar to that associated with multiple eating occasions as
opposed to the response associated with a single eating event by
repeatedly stimulating cephalic phase digestive responses. Peptide-YY
and GLP-1 are putative inhibitors of the cephalic phase digestive
response [27]; thus, repeated cephalic stimulation may perturb the
normal patterns of hormone secretion observed during a single eating
event, augmenting postprandial PYY and GLP-1 responses. Alterations
in gastrointestinal transit time due to differences in viscosity between
the meals used in these two studies may further explain the discrepant
ﬁndings [6]. Importantly, Kokkinos et al. observed no effect of eating
quickly on postprandial appetite ratings, despite attenuated PYY and
GLP-1 responses. Thus, while eating rate altered the postprandial
endocrine response in that trial, this effect had no appreciable impact on
appetite and presumably would not have had altered prospective
energy intake.
The absence of an effect of eating rate on leptin and NPY in the
current trial was not unexpected. Leptin mediates energy homeostasis
through direct effects on neural groups throughout the CNS [28]. Like
insulin, leptin is secreted in proportion to body fat stores [29], acting
as a long-term regulator of energy intake [2]. In weight-stable
individuals, the periprandial and acute postprandial (0–3 h) leptin
response appears minimal [3,30,31], and demonstrates little association with hunger and satiety [3,32,33]. Likewise, NPY regulates longterm energy balance, as expression of the neuropeptide is modulated
by alterations in leptin and insulin concentrations associated with
energy balance perturbations [34]. Further, NPY secretion is episodic
and, though some evidence exists for an acute glucose-mediated
stimulation of hypothalamic NPY expression [35,36], peripheral NPY
concentrations may not be modulated by acute feeding.
Limitations to the current study include the meal and feeding
protocol used. The amount of food provided at the ﬁxed-portion meal
may have been too much or the intermeal interval too short to mimic
a normal eating pattern. For example, SLIM ratings immediately prior
to the ad libitum meal were above those at baseline suggesting that
under free-living conditions, these volunteers may have delayed
initiating the next meal. However, with the exception of two
volunteers, all volunteers consumed more than 250 kcal ad libitum
indicating that they were experiencing at least a slight amount of
hunger by 180 min. Offering only a single food item at the ad libitum
meal may be another limitation. We chose a single food to avoid
confounding effects that might be introduced by food items of
differing composition and the multiple ways these foods could be
combined. However, relying on only a single food may have masked
effects of eating rate on ad libitum intake due to inﬂuences on sensoryspeciﬁc satiety [37]. Our results might also be limited to mixedcomposition meals as several putative enteroendocrine hormones are
sensitive to the type of carbohydrate in the meal as well as the
macronutrient composition of the meal [5]. Inclusion of smokers in
the trial may also affect outcomes. Volunteers were required to
abstain from smoking for at least 12 h prior to and throughout
experimental visits, and volunteers served as their own controls;
however, the possible effects of abstaining from smoking on appetite
cannot be addressed. Finally, menstrual cycle phase was not
controlled for in this trial. No meal-by-sex interactions were observed
for baseline SLIM ratings or baseline hormone concentrations
however, indicating that women did not demonstrate larger between

meal differences in baseline measures compared to men. Nonetheless,
menstrual cycle phase has been shown to affect appetite [38] and
therefore may have inﬂuenced energy intake during the ad libitum
meal. Recent ﬁndings also suggest that menstrual cycle phase may
alter postprandial hormone responses [39]. Future studies examining
energy intake and metabolism in women should control for effects of
menstrual cycle phase.
A combination of hedonic, environmental and physiologic factors
inﬂuence how much one eats. Identifying factors that modulate
appetite-signaling mechanisms could support development of effective, physiologically based weight management strategies. The results
of this study suggest that the rate at which a ﬁxed-portion is
consumed has little effect on the postprandial enteroendocrine
response and is unlikely to alter energy intake during the subsequent
meal. Thus, eating rate appears only to inﬂuence appetite and energy
intake within an ad libitum meal [13].
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